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ABSTRACT 
 
An Evaluation of the Performance Characteristics of Olivine Temper in Pueblo II 
Virgin River Puebloan Ceramics 
 
by 
 
Sharlyn Anderson 
 
Dr. Karen G. Harry, Examination Committee Chair 
Associate Professor of Anthropology 
University of Nevada, Las Vegas 
 
 
     The purpose of this study is to examine the technological properties of the three 
dominant temper types – olivine, sand, and sherd – used by the Virgin Branch Puebloan 
during the Pueblo II era (AD 1000-1500) to explain the high proportion of Moapa Gray 
Ware traded to the Moapa Valley at that time.  The research is guided by the hypothesis 
that olivine tempered pottery – or Moapa Gray Ware – possessed superior technological 
qualities than locally made wares, and that these qualities fueled the demand of Moapa 
Gray Ware ceramics.   
     This thesis evaluates one possibility for explaining the transportation of Moapa Gray 
Ware vessels in high quantities across the rugged terrain of the Grand Canyon by asking 
the question, does olivine temper result in technologically superior ceramic vessels, and if 
so, would this difference be distinct enough to have been noticed by prehistoric potters?  
Experimental archaeology was used to evaluate the thermal shock resistance, strength, 
and heat transference of this unique tempering material – olivine – against two other 
locally available tempers – sand and sherd. 
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CHAPTER 1 
INTRODUCTION 
The purpose of this research is to understand the driving force behind the high 
proportion of Moapa Gray Ware ceramics traded to the Moapa Valley during the height 
of the Pueblo II occupation (AD 1000-1150).  Being manufactured in the upland regions 
of the Colorado Plateau, the Virgin Branch Puebloan mindfully toted these friable goods 
through the rugged terrain of the north rim of the Grand Canyon and exchanged them 
with people in the lowland regions of the Moapa Valley such as those who occupied the 
Lost City complex.  This research is directed by the idea that the olivine temper found in 
Moapa Gray ceramics produced technologically superior vessels than locally made 
pieces.  This hypothesis is tested through the use of experimental archaeology.   
The three dominant temper types – olivine, sand, and sherd – utilized by the Virgin 
Puebloan during the height of regional occupation and trade were subjected to three 
experiments to test their technological properties.  Keeping in mind the practical use of 
ceramics, such as cooking, transportation, and storage, the experiments focused on the 
ability of each temper type to withstand thermal shock, transfer heat, and to strengthen 
the ceramic body.  Utilizing the principles of experimental archaeology, ceramic tiles and 
vessels were created for each temper type and subjected to testing. 
Thermal shock was tested on ceramic tiles using the combination of a thermal shock 
chamber and kiln.  Strength was tested using a Ball-on-three-ball machine to test biaxial 
flexure on ceramic tiles.  Heat transference was tested using replicated ceramic vessels 
filled with a mixture of water and oil then placed on a ceramic hotplate.  The data 
collected from these tests are evaluated to determine if indeed olivine tempered ceramics 
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are technologically superior to locally made wares and if the technological properties 
would have produced a noticeable difference between the ceramic types.   
 
Background 
Archaeological evidence suggests the Ancestral Puebloans continually occupied a 
vast expanse of the American Southwest over a span of three millennia.  The heart of the 
Ancestral Puebloan culture originated in an area archaeologists refer to as the “Four-
Corners” region; where the current state lines of Utah, Colorado, New Mexico, and 
Arizona all converge.  At the height of their occupation, around A.D. 1100, the Ancestral 
Puebloan culture encompassed current day portions of southern Colorado and Utah, 
central to north-northwest New Mexico, northern Arizona, and stretching all the way into 
southern Nevada.  Archaeologists have divided the culture into six branches:  Rio 
Grande, Chaco, Northern San Juan, Little Colorado, Kayenta, and Virgin (Lyneis 1995).  
Each of these six branches possesses similar yet distinct cultural traits – such as ceramics 
– that signify a contiguous cultural tradition while warranting some degree of 
archaeological partitioning.  
 
Environmental Setting 
The Virgin River Puebloan culture represents the western-most branch of the 
Ancestral Puebloan cultural region (Figure 1).  More specifically, the Virgin River 
Puebloan region covers northwestern Arizona, southwestern Utah, and a small pocket in 
southern Nevada.  The territory is characterized by two diverse topographical and 
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ecological zones – the upland, western portion of the Colorado Plateau and the lowland 
river valleys of the Mojave Desert (Allison 2000; Jensen 2002; Lyneis 1995).   
 
 
Figure 1. Map of the American Southwest delineating the cultural traditions of the 
Ancestral Puebloan (Lyneis 1995). 
 
The Colorado Plateau is the lowest, most western portion of an east to west trending 
cliff system referred to as the “Grand Staircase”.  The Virgin River Puebloan occupied a 
portion of the Colorado Plateau that extends from southern Utah to the north rim of the 
Grand Canyon in northwestern Arizona.  For the purposes of this research Uinkaret 
Plateau located in the western portion of the Colorado Plateau is evaluated.  This plateau 
sits in the northwestern corner of Arizona which archaeologists have deemed the 
“Arizona Strip” (Allison 2000; Jensen 2002; Lyneis 1995).  The Arizona Strip is 
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considered the upland region of the Virgin River Puebloan cultural area.  Elevation in this 
area ranges between 1,500 to 2,100 meters above sea level.  Vegetation is characterized 
by a lush conifer forest made up of almost an equal proportion of ponderosa pine and 
juniper trees amongst a sparse spread of creosote.  The average rainfall for this region 
ranges between 20 to 33 centimeters annually.  This area lacks any significant, permanent 
source of water (Altschul and Fairley 1989; Allison 2000; Jensen 2002; Lyneis 1995).   
The Mojave Desert encompasses a large portion of southeastern California, southern 
Nevada, northwestern Arizona, and southwestern Utah.  The Virgin River Puebloan 
occupied a smaller portion of the Mojave Desert that consists of lowland, river-valley 
system which includes the St. George Basin in Utah and the Moapa Valley in southern 
Nevada.  These two areas are connected by the Virgin River which runs from the St. 
George Basin into Moapa Valley where it merges with the Muddy River; ultimately 
discharging into Lake Mead (Allison 2000).  The elevation of the St. George Basin 
ranges from 750-1,250 meters above sea level and decreases as it approaches the Moapa 
Valley which sits at approximately 350 to 500 meters above sea level.  Elevation for the 
lowland region ranges between 350 to 1,000 meters above sea level (Allison 2000; Jensen 
2002).  Vegetation is dominated by creosote bush, with some yucca, agave, desert scrub 
such as sagebrush, winter-fat, rabbitbrush and assorted bunch grasses with the occasional 
mesquite and Joshua tree.  Annual rainfall for the St. George region averages 
approximately 21 centimeters and about 10 centimeters for the Moapa Valley.  
Permanent sources of water in this region are the Virgin and Muddy Rivers (Allison 
2000; Jensen 2002; Lyneis 1995; Shutler 1961).  For the purposes of this research, focus 
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has been placed on the Virgin River Puebloan occupation of the Moapa Valley (Figure 
2). 
Figure 2. Map of Moapa Valley, Nevada. 
 
Cultural and Chronological Sequence 
Archaeologists utilize time-sensitive markers (such as changes in architectural style 
and pottery) and scientific testing (such as carbon-dating of organic cultural remains) to 
help establish a timeline of prehistoric occupation for specific sites.  Cross-referencing 
artifacts and dates between neighboring sites is a tool used in archaeology to establish 
chronology for an entire region.  These techniques are well-established and accepted 
practices in archaeology and relied upon to define temporal and cultural phases of 
prehistoric peoples.  The Ancestral Puebloan culture – thus the Virgin Branch Puebloan – 
has been defined in such fashion using the Pecos Classification system. 
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The Pecos Classification system was the result of an archaeological conference 
coordinated by Alfred Kidder in Pecos, New Mexico, in 1927.  Though the system has 
been modified with the development of new dating techniques and continued 
archaeological research, the basic cultural sequence remains the same.  The current Pecos 
Classification system is divided into eight phases:  Basketmaker II (B.C. 1200 – A.D. 
500), Basketmaker III (A.D. 500 – A.D. 750), Pueblo I (A.D. 750 – A.D. 900), Pueblo II 
(A.D. 900 – A.D. 1150), Pueblo III (A.D. 1150 – A.D. 1350), Pueblo IV (A.D. 1350 – 
A.D. 1600), and Pueblo V (A.D. 1600 – present).  Archeological evidence suggests the 
Virgin Branch Puebloan region was continually inhabited from late Basketmaker II 
(around B.C. 300) through the mid-Pueblo III era (around A.D. 1250) (Allison 2000; 
Jensen 2002; Lyneis 1995; Winslow and Blair 2003).  For the purposes of this research, 
focus is placed on the florescence of the Virgin Branch Puebloan during the mid-Pueblo 
II era around A.D. 1100.   
The Pueblo II era marks the largest expanse of the Virgin Branch Puebloan culture.  
During this time period, trade between the upland and lowland regions was at its greatest.  
The highest degree of sedentism occurred during this time as more focus was placed on 
horticulture of maize and cotton as well as building permanent adobe structures in Moapa 
Valley and pithouse structures on the Colorado Plateau (Allison 2000; Jensen 2002; 
Lyneis 1992, 1995).   
 
Previous Research of the Virgin Branch Puebloan 
 Compared to other cultural traditions of the Ancestral Puebloan, limited 
archaeological investigation and methodological collection of data exists with regard to 
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the Virgin Branch Puebloan.  Until recently, the focus of exploration and research of this 
cultural tradition revolved around sites discovered in the lowland river valley regions.  
The current knowledge base of sites located in the region of the upland plateaus remains 
scant.  However, trends in trade goods from the upland to the lowland regions are well 
documented in the archaeological record. 
The Virgin Branch Puebloan were first identified by Edward Palmer in 1875 during 
his archaeological investigations of the St. George Basin.  Neil Judd added to this 
knowledge base with his archaeological observations in western Utah and northern 
Arizona, documented for the Bureau of American Ethnology from 1915 to 1920.  A few 
years later Mark Harrington extended the western boundary of the Virgin Branch 
Puebloan into the Moapa Valley with the field work he conducted at Lost City (Shutler 
1961; Lyneis 1992, 1995).   
“Lost City” consists of a series of Virgin Branch Pueblo II sites (AD 1000-1150) 
located in the lower Moapa Valley of southern Nevada between the confluence of the 
Virgin and Muddy Rivers (Harrington 1929; Shutler 1961; Lyneis 1992, 1995).  It covers 
approximately five miles of land within the jurisdiction of the Bureau of Reclamation and 
administered by the National Park Service (NPS).  From 1924 to 1926, Harrington took 
on the task of excavating this large complex which he deemed Pueblo Grande de Nevada 
– to be later designated “Lost City” (Harrington 1929; Lyneis 1992).  Harrington’s 
excavations focused on recovering museum quality artifacts taken mostly from room-
blocks and burials.       
In the early 1930s the Civilian Conservation Corps (CCC) was commissioned to 
continue the excavations at Lost City initiated by Harrington.  The Southwest Museum 
8 
 
and the National Park Service also conducted excavations at Lost City concurrently with 
the construction of Hoover Dam.  Upon completion of the dam in 1941, the constricted 
Colorado River waters became what is today man-made Lake Mead (Harry 2005; Lyneis 
1992; Shutler 1961).  As a result, a majority of the site was engulfed by the waters of 
Lake Mead:  “Lost City” became truly lost. 
 Though Lost City became almost entirely inaccessible for archaeological 
investigation, sites along the bank and surrounding area of the Muddy River remained 
available for exploration.  In 1973, Claude Warren from the University of Nevada, Las 
Vegas supervised a field school that focused on surveying the terrace system above the 
floodplain of the Muddy River.  The survey area covered approximately 3.4 kilometers of 
land located east of the river (Allison 2000).  Approximately 80 sites were recorded 
though some of the information for particular sites of this project is missing or 
incomplete.  Artifacts were collected from the surface of 76 of the 80 sites recorded 
(Allison 2000).  An analysis of the ceramic assemblage from some of these sites 
demonstrates a continual occupation of the area by the Virgin Branch Puebloan from 
Pueblo I through Pueblo III (Table 1).    
In the late 1970s the water level of Lake Mead began to rise, threatening the exposed 
portion of the Lost City site and causing great concern for cultural management.  In 1977 
and 1979, Margaret Lyneis from the University of Nevada Las Vegas investigated this 
exposed portion of the Lost City site which she ultimately deemed “Main Ridge”.  Her 
investigations at Main Ridge confirmed the threat of rising lake waters.  Contracted by 
the Bureau of Reclamation, Lyneis conducted two field schools in 1980 and 1987 in 
which her team assessed damage to the site caused by erosion, drew scaled maps of room 
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blocks, and collected over twelve-thousand pottery sherds from the surface of the site 
(Harry 2008; Lyneis 1992).  Through the analysis of the collected artifacts, Lyneis was 
able to discern the occupation of Main Ridge to have occurred during the Pueblo II era.  
Archaeological field work at Lost City ceased with the conclusion of the second field 
season conducted by Lyneis.   
Beginning in 2000 a drying trend hit Moapa Valley causing the water level of the lake 
to drop and exposing the portion of Lost City covered in the waters of Lake Mead.  
Again, the entire site became available for archaeological investigation.  In fall of 2006 
Karen Harry from the Department of Anthropology at UNLV conducted a field school at 
Lost City through the auspices of NPS and Bureau of Reclamation.  The goals of her 
project were to assess the overall condition and integrity of the site and to determine the 
significance of any buried cultural deposits.  The room blocks were again mapped and 
compared to those drawn by both Lyneis and Harrington.  Small-scale excavations 
conducted in the plaza and midden areas of House 20 of the Main Ridge complex 
revealed the presence of research potential sub-surface deposits.  Some of the artifacts 
retrieved from those excavations include projectile points, shell and bone beads, burnt 
corn cobs, turquoise, and ceramic sherds.   An analysis of the artifacts collected from this 
project confirms the Virgin Branch Puebloan occupation of Main Ridge during Pueblo II 
times (Harry 2008).  Harry is continuing her work at Main Ridge with a second field 
school in the fall 2009 semester.   
Though the archaeological investigations of the Virgin Branch Puebloan in Moapa 
Valley have been erratic, enough data recovered from different sites throughout time has 
allowed for a patchwork reconstruction of the archaeological record.  Namely, a trend in 
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the trade of a particular ceramic type – Moapa Gray Ware – in to the Moapa Valley from 
the upland Uinkaret Plateau – has been discovered through the analysis of materials 
recovered from the archeological investigations of Harrington, the CCC, Lyneis, Warren, 
and Harry.  Interestingly, each of these assemblages were taken from different contexts – 
surface collections and subsurface excavations – yet a distinct pattern of trade during 
Pueblo II times demonstrates a connection between the collections as well as upland and 
lowland areas of the Virgin Branch Puebloan region. 
Moapa Gray Ware 
In examining archaeological artifact collections of the Moapa Valley it was 
discovered that a trend in the exchange of trade ware goods occurred between the upland 
and lowland regions of the Virgin Branch Puebloan culture – especially Moapa Gray 
Ware during the Pueblo II period.  Ceramicists who study Virgin Branch Puebloan 
pottery easily distinguish Moapa Gray Ware by the presence of olivine as a tempering 
agent.  Olivine possesses a green color and glass-like sheen.  Being a silicate based 
mineral comprised of magnesium and iron compounds embedded in a xenolithic matrix, 
olivine occurs in igneous rocks – basalts – which form from magmas that rapidly rise to 
the surface from the earth’s mantle (Allison 2000; Lyneis 1992; Menzies et al. 1987).  
More specifically, olivine found in Virgin River Puebloan ceramics are derived from 
volcanic magmas released at various Uinkaret Plateau lava flows (Lyneis 1992; Jensen 
2002; Allison 2000; Sakai 2001).   
Initially Moapa Gray Ware was defined as a locally made ware of Moapa Valley, but 
Lyneis’ examination from her collection of ceramics from Main Ridge suggest that this 
ware originated in the Uinkaret plateau.  An examination of the sherds revealed a high 
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percentage of Moapa Gray Ware present in the assemblage at 24.1 % (Lyneis 1992 and 
personal communication with Lyneis).  Lyneis believed the production zone for Moapa 
Gray Ware was located near Mount Trumbull on the Uinkaret Plateau and that the 
prehistoric inhabitants of the upland region traded this ware in large quantities to the 
lowland region of the Moapa Valley during the mid-Pueblo II period (Lyneis 1992: 
Figure 3). 
This inference was confirmed by the thesis work of Sachiko Sakai who used 
Inductively Coupled Plasma-Mass Spectrometry ICP-MS) to distinguish the chemical 
constituents in olivine tempered ceramics collected from the Virgin River area and the 
Tuweep area of the Uinkaret Plateau (Sakai 2001).  She compared the clay of sherds 
collected from both areas to clay sources taken near the vicinity of the Virgin River and 
Tuweep.  Her analysis overwhelmingly revealed that the olivine tempered sherds in fact 
were produced from the Tuweep clay suggesting, again, the Uinkaret Plateau as the 
production area for this ceramic type (Sakai 2001). 
In 2000, Jim Allison completed his dissertation on craft-specialization and exchange 
in small-scale societies of the Virgin Branch Puebloan.  He examined and compared 
ceramic data from surveys conducted near Mount Trumbull on the Uinkaret Plateau – the 
production zone of Moapa Gray Ware – and the Muddy River surveys conducted in 
Moapa Valley.  His analysis of the ceramic collections concluded that a high percentage 
of Moapa Gray Ware (22%) was traded from upland sites in to the lowland Moapa Valley 
area during the Pueblo II period (Allison 2000).  Allison’s calculations for the exchange 
of Moapa Gray Ware from the upland region in to Moapa Valley averages at 
approximately 15-20 vessels per year, or 1-5 vessels obtained per household each year 
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over a span of 75 to 100 years (Allison 2000:128-129).   The conclusions drawn by 
Allison correlate with the assessment suggested by Lyneis that the mid-Pueblo II period 
reflects the height of economic trade between Moapa Valley and western Colorado 
Plateau region.   
 
 
Figure 3. Map showing the Uinkaret Plateau and Moapa Valley (Lyneis 2008b). 
 
Finally, Karen Harry from the Department of Anthropology at UNLV conducted a 
field school during the fall semester of 2006 at Lost City through the auspices of NPS and 
Bureau of Reclamation.  A portion of the field school focused on attaining sub-surface 
cultural deposits at House 20 of the Main Ridge complex.  The ceramic assemblage 
recovered from this process demonstrates a slightly higher number of Moapa Gray Ware 
– 38.6% – again this substantiated the idea presented by Lyneis and confirmed by Allison 
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that a high demand for the trade of Moapa Gray Ware between the upland and lowland 
Virgin River Puebloan regions existed during the mid-Pueblo II era (Harry 2005).  Also, 
this ceramic assemblage holds significance as being the first systematic sub-surface 
collection of artifacts from Lost City since the work of M.R. Harrington in the 1920’s.   
 
Discussion 
 The Virgin Branch Puebloan occupied the far-western extent of the Ancestral 
Puebloan culture area for over a millennium from late Basketmaker II through mid-
Pueblo III times.  Archeological inquiry into this cultural tradition began in the late 19th 
century and continued sporadically throughout the 20th and into the 21st century.  Most of 
the known Virgin Branch Puebloan sites (98%) are situated along the Virgin and Muddy 
Rivers, although some exploration of the Arizona Strip including the Shivwits and 
Uinkaret Plateaus demonstrate that this cultural tradition occupied a more diverse 
ecological and topographical region (Larson and Michaelsen 1990; Lyneis 1992; Olson 
1979). 
As demonstrated through the examination of the archaeological record, this cultural 
tradition reached its pinnacle during the mid-Pueblo II era.  During this timeframe 
population and sedentism were at their highest and trade – especially of Moapa Gray 
Ware – between the upland and lowland regions flourished.  The independent studies 
conducted by Lyneis, Allison, and Harry all indicate that Moapa Gray Ware was a 
dominate feature of the ceramic assemblages during the mid-Pueblo II period when 
compared to other ceramic collections from different periods of the Pecos Classification 
system (Table 1).   
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Table 1. Ceramic Assemblages from Sites in Moapa Valley  
 
Site Period #MG %MG #TV %TV #Shiv %Shiv #TO %TO #SJ %SJ #PA %PA
#Un 
RW
%Un 
RW #PG %PG #LOG %LOG
#Un 
P/A
%Un 
P/A #DGW %DGW #Un %Un Total #
Adam II EPIII 33 3.6% 865 95.1% 0 0.0% 0 0.0% 8 0.9% 4 0.4% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 910
Black Dog Mesa BII 84 13.6% 122 19.8% 0 0.0% 0 0.0% 2 0.3% 0 0.0% 0 0.0% 0 0.0% 367 59.6% 0 0.0% 0 0.0% 41 6.7% 616
Bovine Bluff EPII 237 10.0% 763 32.1% 0 0.0% 0 0.0% 5 0.2% 0 0.0% 0 0.0% 0 0.0% 1372 57.7% 0 0.0% 0 0.0% 0 0.0% 2377
Main Ridge (Lyneis) MPII 2907 24.1% 7434 61.5% 1680 13.9% 0 0.0% 45 0.4% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 17 0.1% 12083
Main Ridge-House 20 (Lyneis) MPII 144 34.0% 251 59.3% 25 5.9% 0 0.0% 1 0.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 2 0.5% 423
Main Ridge-House 20 (Harry) MPII 357 38.6% 459 49.6% 91 9.8% 0 0.0% 12 1.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 6 0.6% 925
MRS 26 (Raven Point) MPII 446 53.1% 383 45.6% 7 0.8% 1 0.1% 3 0.4% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 840
MRS 20 (Pueblo Point) MPII 220 37.2% 328 55.4% 40 6.8% 1 0.2% 1 0.2% 2 0.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 592
MRS 4 PI/MPII 103 18.0% 414 72.4% 52 9.1% 1 0.2% 1 0.2% 0 0.0% 1 0.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 572
MRS 5 MPII 94 14.2% 425 64.0% 140 21.1% 2 0.3% 1 0.2% 1 0.2% 1 0.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 664
MRS 9 MPII 12 8.8% 118 86.8% 6 4.4% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 136
MRS 10 MPII 24 12.7% 135 71.4% 30 15.9% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 189
MRS 11 MPII 59 14.4% 292 71.0% 36 8.8% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 21 5.1% 0 0.0% 0 0.0% 0 0.0% 3 0.7% 411
MRS 12 MPII 87 35.8% 98 40.3% 24 9.9% 1 0.4% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 33 13.6% 243
MRS 13 MPII 45 12.4% 255 70.1% 55 15.1% 7 1.9% 0 0.0% 0 0.0% 2 0.5% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 364
MRS 14 LPII 28 9.8% 229 80.1% 27 9.4% 1 0.3% 0 0.0% 0 0.0% 0 0.0% 1 0.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 286
MRS 19 PI/MPII 71 23.6% 217 72.1% 8 2.7% 1 0.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.3% 0 0.0% 0 0.0% 3 1.0% 301
MRS 28 MPII 36 27.5% 84 64.1% 4 3.1% 2 1.5% 0 0.0% 4 3.1% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.8% 131
MRS 30 LPII 64 10.9% 404 68.6% 109 18.5% 2 0.3% 0 0.0% 7 1.2% 0 0.0% 0 0.0% 3 0.5% 0 0.0% 0 0.0% 0 0.0% 589
MRS 31 MPII 16 9.0% 149 84.2% 9 5.1% 1 0.6% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 2 1.1% 177
MRS 32 LPII 60 23.9% 156 62.2% 23 9.2% 0 0.0% 0 0.0% 8 3.2% 0 0.0% 0 0.0% 2 0.8% 0 0.0% 0 0.0% 2 0.8% 251
MRS 33 MPII 16 9.9% 123 75.9% 16 9.9% 0 0.0% 0 0.0% 7 4.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 162
MRS 34 MPII 217 24.0% 497 54.9% 187 20.6% 4 0.4% 1 0.1% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 906
MRS 35 MPII 40 7.8% 373 73.1% 95 18.6% 1 0.2% 0 0.0% 1 0.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 510
MRS 36 MPII 39 11.3% 287 82.9% 5 1.4% 0 0.0% 0 0.0% 12 3.5% 0 0.0% 0 0.0% 1 0.3% 1 0.3% 0 0.0% 1 0.3% 346
PERIOD CERAMIC TYPES CERAMIC TYPES
BII - Basketmaker II MG - Moapa Gray Un RW - Unidentified Red Ware
PI/MPII - Pueblo I - Mid-Pueblo II TV - Tusayan Virgin PG - Prescott Gray
MPII - Mid-Pueblo II Shiv - Shivwits LOG - Logandale
LPII - Late Pueblo II TO - Tsegi Orange Un P/A - Unidentified Paddle and Anvil
PIII - Pueblo III SJ - San Juan Red DGW - Desert Gray Ware
EPIII - Early Pueblo III PA - Paiute (Brownware) Un - Unidentfied
FR- Fremont
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Table 1 Cont. Ceramic Assemblages from Sites in Moapa Valley 
 
Site Period #MG %MG #TV %TV #Shiv %Shiv #TO %TO #SJ %SJ #PA %PA
#Un 
RW
%Un 
RW #PG %PG #LOG %LOG
#Un 
P/A
%Un 
P/A #DGW %DGW #Un %Un Total #
MRS 37 MPII 27 14.2% 127 66.8% 32 16.8% 1 0.5% 0 0.0% 1 0.5% 0 0.0% 0 0.0% 2 1.1% 0 0.0% 0 0.0% 0 0.0% 190
MRS 38 MPII 18 9.9% 134 73.6% 7 3.8% 1 0.5% 0 0.0% 21 11.5% 0 0.0% 0 0.0% 1 0.5% 0 0.0% 0 0.0% 0 0.0% 182
MRS 39 MPII 41 9.4% 306 70.3% 79 18.2% 0 0.0% 0 0.0% 4 0.9% 0 0.0% 0 0.0% 1 0.2% 0 0.0% 0 0.0% 4 0.9% 435
MRS 42 MPII 43 14.3% 208 69.1% 15 5.0% 0 0.0% 0 0.0% 21 7.0% 0 0.0% 0 0.0% 8 2.7% 0 0.0% 0 0.0% 6 2.0% 301
MRS 44 PIII 44 9.3% 414 87.5% 5 1.1% 1 0.2% 1 0.2% 7 1.5% 1 0.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 473
MRS 45 MPII 39 12.5% 230 74.0% 41 13.2% 1 0.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 311
MRS 47 MPII 115 22.9% 326 64.8% 18 3.6% 0 0.0% 2 0.4% 32 6.4% 0 0.0% 0 0.0% 6 1.2% 0 0.0% 1 0.2% 3 0.6% 503
MRS 48 MPII 47 24.2% 118 60.8% 8 4.1% 1 0.5% 1 0.5% 8 4.1% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 11 5.7% 194
MRS 49 MPII 67 28.0% 92 38.5% 55 23.0% 0 0.0% 2 0.8% 22 9.2% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.4% 239
MRS 50 LPII 34 26.6% 74 57.8% 8 6.3% 1 0.8% 0 0.0% 8 6.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 3 2.3% 128
MRS 51 MPII 101 33.8% 184 61.5% 9 3.0% 0 0.0% 1 0.3% 4 1.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 299
MRS 54 LPII 154 26.6% 365 63.1% 13 2.2% 0 0.0% 1 0.2% 18 3.1% 0 0.0% 22 3.8% 5 0.9% 0 0.0% 0 0.0% 0 0.0% 578
MRS 55A PIII 51 19.5% 194 74.3% 6 2.3% 0 0.0% 0 0.0% 2 0.8% 0 0.0% 8 3.1% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 261
MRS 55B MPII 91 38.4% 131 55.3% 3 1.3% 0 0.0% 3 1.3% 5 2.1% 0 0.0% 1 0.4% 3 1.3% 0 0.0% 0 0.0% 0 0.0% 237
MRS 58 PIII 1 0.9% 85 73.3% 2 1.7% 0 0.0% 0 0.0% 1 0.9% 1 0.9% 22 19.0% 0 0.0% 0 0.0% 0 0.0% 4 3.4% 116
MRS 59 PIII 13 6.7% 132 68.0% 3 1.5% 3 1.5% 0 0.0% 0 0.0% 4 2.1% 37 19.1% 0 0.0% 0 0.0% 0 0.0% 2 1.0% 194
MRS 60 PIII 27 20.5% 97 73.5% 5 3.8% 0 0.0% 0 0.0% 3 2.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 132
MRS 62A MPII 62 17.6% 225 63.7% 54 15.3% 1 0.3% 0 0.0% 7 2.0% 2 0.6% 0 0.0% 2 0.6% 0 0.0% 0 0.0% 0 0.0% 353
MRS 62B LPII 1 16.7% 5 83.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 6
MRS 63B MPII 64 33.2% 66 34.2% 42 21.8% 0 0.0% 3 1.6% 18 9.3% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 193
MRS 65 MPII 107 40.7% 88 33.5% 61 23.2% 1 0.4% 5 1.9% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.4% 263
MRS 66 MPII 115 25.8% 301 67.6% 16 3.6% 1 0.2% 3 0.7% 1 0.2% 0 0.0% 0 0.0% 5 1.1% 0 0.0% 0 0.0% 3 0.7% 445
MRS 68 PIII 12 8.1% 92 61.7% 44 29.5% 0 0.0% 0 0.0% 1 0.7% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 149
MRS 75 PIII 4 2.4% 156 94.0% 3 1.8% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.6% 0 0.0% 1 0.6% 0 0.0% 1 0.6% 166
MRS 76 PIII 30 11.3% 229 86.1% 2 0.8% 1 0.4% 0 0.0% 0 0.0% 0 0.0% 3 1.1% 0 0.0% 0 0.0% 0 0.0% 1 0.4% 266
PERIOD CERAMIC TYPES
BII - Basketmaker II MG - Moapa Gray
PI/MPII - Pueblo I - Mid-Pueblo II TV - Tusayan Virgin
MPII - Mid-Pueblo II Shiv - Shivwits
LPII - Late Pueblo II TO - Tsegi Orange
PIII - Pueblo III SJ - San Juan Red
EPIII - Early Pueblo III PA - Paiute (Brownware)
Un P/A - Unidentified Paddle and Anvil
Un - Unidentfied
FR- Fremont
CERAMIC TYPES
Un RW - Unidentified Red Ware
PG - Prescott Gray
LOG - Logandale
DGW - Desert Gray Ware
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The significance of this trend lies in the fact that outside of Chaco Canyon, no other 
ceramic ware in the Ancestral Puebloan area was traded in such high proportions over a 
vast area of 100-150 km and through rugged terrain such as that which divides the upland 
and lowland region – the Grand Canyon (Allison 2000; Harry 2010, Jensen 2002; Lyneis 
1992).   
The impetus of this research is to formulate a scientific explanation for the demand of 
Moapa Gray Ware in the Moapa Valley during the mid-Pueblo II period by examining 
three technological attributes of the dominant temper types during this time period.  The 
objective of this thesis is guided by the hypothesis that olivine tempered pottery 
possesses superior technological qualities when compared to wares tempered with other 
agents – sand and sherd – also found in Virgin Branch Puebloan ceramics during the mid-
Pueblo II period.   
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CHAPTER 2 
TECHNOLOGICAL PERFORMANCE CHARACTERISTICS OF TEMPER 
The underlying goal of this thesis is to offer a plausible explanation for the impetus of 
a human behavior – trade of ceramics– through the technological evaluation of the 
performance characteristics of a specific material item – temper.  In order to understand 
the significance of olivine temper in Moapa Gray Ware ceramics, an explanation of the 
general properties of temper and its relationship to clay is warranted.   
Different attributes of temper including amount, size, shape, and type are directly 
related to the performance capabilities and technological properties of a vessel (Rice 
1987; Shepard 1954).  The combination of different types of clay and temper yields 
numerous, dynamic possibilities of technological outcomes.  Clay and temper 
relationships can work for or against each other depending on the type of materials 
chosen and the functional duty of a final product.  This interaction occurs at many 
different levels; from the most miniscule, unobservable processes, such as an exchange of 
ions at the molecular level between the materials being used, to the observable affects of 
the manufacturing processes and the functional abilities of the final product.  The concept 
of mixing clays and tempers together is a simple process, but upon further investigation 
reveals a world of great complexity and endless possibilities.   
 
Clay and Ceramics 
Generally a ceramic vessel is minimally comprised of two agents – clay and temper.  
With regards to the production of ceramics, clay is “a fine-grained earthy material that 
becomes plastic and malleable when wet and hardens with the application of heat” (Rice 
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1987:474).  Clay particles vary in size, but generally tend to be very small and have a flat, 
platelet shape.  Clay particles in mass have a very large total surface area which increases 
as the particles become smaller or finer.  As the surface area increases, so does the ability 
of the particles to absorb water.  When mixed with clay, water forms a thin film of 
around individual clay particles.  This water serves as a lubricant and the particles slide 
easily over each other causing a ‘sticky’ texture that is difficult to mold or shape (Rice 
1987; Shepard 1954).  Usually some sort of modifier (temper) must be added to clay in 
order to counteract excessive plasticity and ease workability.  
Temper 
According to Rice temper is defined as “a material – mineral or organic, but usually 
non-plastic – added to clay to improve its working, drying, or firing properties” (Rice 
1987: 483).  The addition of temper weakens a ceramic body but is an essential 
component of the ceramic-making process.  Temper has many functions in the production 
of ceramics including combating stickiness and increasing the porosity of clay, 
decreasing drying time, reducing shrinkage, decreasing the possibility of deformation 
during the drying and firing processes, as well as improving firing properties.  Temper 
also affects the overall performance and life of a vessel through such attributes as 
inhibiting crack propagation, increasing strength, and lessening the strain from thermal 
shock.  Along with easing the workability of clay, temper also facilitates uniform drying, 
lessens the risk of cracking, and counteracts shrinkage (Rice 1987; Schiffer and Skibo 
1987; Shepard 1954; Skibo and Blinman 1999).  However, the use of temper has both 
positive and negative ramifications in the production of ceramics and has lasting effects 
on the final product.   The amount, size, shape, and type of temper a potter chooses to use 
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in the ceramic production determine many different technological performance 
characteristics of a ceramic vessel.   
Quantity 
The amount of temper needed to create a workable paste that maintains shape and 
form depends strongly on the clay and the degree to which it is refined.  Clays comprised 
of fine particles have larger surface areas and become extremely plastic with the addition 
of water.  Fine clays usually require higher quantities of temper than coarse-grained clays 
which have smaller surface areas (Rice 1987; Shepard 1954).  An excessive amount of 
water can saturate the clay and render it unworkable.  Temper is added to counteract this 
condition by opening the pores of a vessel wall which helps with the evaporation of water 
particles; however, an excess of tempering materials can reduce the ability of a vessel to 
maintain strength during drying and firing as well as its capacity to withstand forces of 
impact and stresses from daily use.  The amount of temper needed in ceramic production 
also depends on the intended size of a vessel.  Larger vessels require thicker walls to 
maintain form and resultantly a higher quantity of temper is needed to help increase the 
durability of the clay (Rice 1987:227).  Vessels with thin walls and lesser amounts of 
temper run the risk of deformation during the drying and firing processes since the pores 
of the ceramic matrix are more compact than those with larger temper grains, causing 
water evaporation to occur at uneven rates (Rice 1987). 
Size 
Temper size affects the technological properties of ceramic manufacture and use; 
however, this relationship is not by any means simple or clear-cut.  Temper size plays the 
essential role of counteracting excessive shrinkage of a ceramic body during both the 
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drying and firing processes.  During these processes, large size temper particles increase 
the ability of a vessel to maintain form and withstand cracking because it halts crack 
propagation and opens the pores of a vessel wall, allowing a more even release of water 
molecules than ceramics produced with smaller temper particles.  Conversely, large-sized 
grains of temper reduce the capacity of a vessel to endure the stresses of mechanical 
forces, such as tensile strength and impact resistance, while smaller particles increase the 
resistance to these forces (Rice 1987:104).  In other words, vessels with large pieces of 
temper do not hold up as well to everyday activities, such as dropping a pot or accidently 
knocking pots together, than vessels with smaller bits of temper.  However, once a crack 
has initiated, a larger grain temper particle is more likely to stop crack development than 
a smaller grained temper.  Interestingly, vessels made with fine, small temper particles 
better resist exposure to repeated temperature extremes of thermal shock and transfer heat 
more evenly and efficiently which are important aspects of cooking (Bronitskey and 
Hamer 1986).     
Shape 
The shape of a temper particle plays an important role in determining vessel strength 
during both the drying and firing processes as well as the degree to which it can 
withstand the stresses of everyday use.  During manufacture, the strength of the bond 
between temper and clay particles is directly related to the shape of a temper particle.  
With the addition of a lubricant, such as water, clay particles form stronger bonds with 
the edges and flat surfaces of angular temper as opposed to temper particles with smooth, 
round surfaces.  Angular temper offers more surface area for the clay to bond with as 
well as provides sharp, distinct corners and edges that hinder the continual flow of excess 
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surface water between the clay and temper particles (Rice 1987; Shepard 1954:27).  For 
example, imagine a round smooth temper particle as a bowling ball and clay particles as a 
polished, slippery lane.  When released down the lane, the smooth nature of the ball and 
the nominal surface area between the ball and the lane makes the degree of applied force 
(weak bond) necessary to move over the surface minimal.  Imagine the same scenario, 
but now replace the ball with a rough, angular cement brick, which in this case represents 
an angular temper particle.  When released down the lane, the surface area between the 
two bodies is dramatically increased and the shape of brick requires more applied force 
(stronger bond) to hit the target.  The bond between angular temper and clay particles 
detracts the propagation of cracking and shrinkage to a much larger degree than the bond 
provided by round, smooth temper (Rice 1987; Shepard 1954).  The stronger the bond 
between temper and clay particles results in a stronger, more resilient and durable 
product.    
During the processes of drying or firing water is driven from the clay resulting in 
shrinkage.  As shrinkage occurs, the vessel becomes vulnerable to microscopic cracks 
and fractures.  Without the addition of temper these cracks would continue throughout the 
vessel making it extremely susceptible to breaking.  Cracks are more likely to cease when 
a temper particle is encountered.  However, the extent to which a crack is negated can 
depend upon the shape of a temper particle.  Angular temper particles halt crack 
propagation better than smooth, round particles. 
The shape of a temper particle also affects the thickness of a vessel wall and the size 
of pores between clay and temper particles which in turn has a direct effect on properties 
of heat transference.  Since angular shaped temper particles create a stronger bond with 
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clay particles, the vulnerability to internal fissures and cracking is decreased and the 
ability to create a thin vessel wall increases.  A thin vessel wall facilitates and distributes 
the transfer of heat more effectively than a thick wall (Rice 1987:227).   Also, the amount 
of space between the temper and clay particles, or porosity, is diminished respective to 
the degree of the bond between clay and temper.  Clays adhere more tightly to angular, 
irregular shaped tempers than rounded, smooth tempers, creating a stronger bond 
between the constituents (Shepard 1954:27).  A decreased porosity slows the transfer of 
steam outside a vessel when exposed to heat – such as a cooking pot – and maintains a 
more constant thermal gradient (Grimshaw 1971; Rice 1987:106, 231).   
Type 
Apart from shape, size, and quantity, temper comes in variety of types that ultimately 
affect the overall performance and technological characteristics of the entire ceramic 
making process.  Potters have used organic materials like plant fibers, dung, and shell as 
well as non-organics such as sand, mica, calcite, limestone, crushed rock, sherd, and 
volcanic rock and ash (Harry 2010; Rice 1987; Shepard 1954).  The type of temper used 
in ceramic production is a significant factor in how a vessel will withstand the 
manufacturing and firing processes and affect the overall life of a vessel.  The use of 
temper has both advantages and disadvantages (Tables 2 and 3).  According to Shepard, 
different types of temper have different effects on strength.  When comparing sand, 
sherd, igneous rock, and volcanic ash, and holding all other variables constant, the sand 
demonstrates the weakest ability to maintain strength while the sherd demonstrates the 
strongest (Shepard 1954).  Each of these temper types come in many different shapes, 
sizes, and chemical compositions that have a direct effect on the performance of vessels. 
23 
 
Table 2. Advantages of Different Temper Types (Revised from Rice 1987:407) 
Characteristics
Calcined 
Shell
Uncalcined 
Shell Sherd Mica Organic
Crushed 
Rock
Volcanic 
Ash Biosilica
Platy-inhibits 
cracking X X X
Angular-adds 
strength X X X X
Crushes easily X X
Low/comparable 
thermal expansion X X
Increases porosity X
 
 
Table 3. Disadvantages of Different Temper Types (Revised from Rice 1987:407) 
Characteristics
Calcined 
Shell
Uncalcined 
Shell Carbonate Sherd Mica Organic
Crushed 
Rock
Quartz 
Sand
Platy-prone to 
laminar fractures X X X
Hard to crush or 
process X X X
Rehydrates after 
firing X X X X
May weaken body 
by shape or 
porosity X X
 
 
 The type of temper used in pottery manufacture also affects the degree to which a 
vessel can transfer heat and withstand extreme temperature changes both during the 
production process and as the finished product.  It is important that a cooking pot be able 
to withstand not only the stresses of firing, but also the repeated exposure to temperature 
extremes as well as transfer heat evenly and efficiently (Rice 1987:227).  The temper 
choice during pottery manufacture most definitely influences the ability of a vessel to 
serve these functions.   
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Dynamics of Temper and Clay 
The dynamic relationship between clays and tempering materials gives a potter a vast 
array of options to consider when determining the performance and technological 
capabilities of a vessel.  Each selection of material may have a polar effect on different 
technological characteristics.  Ceramic production does not have the luxury of a one-to-
one-relationship between performance and technological attributes.  The technological 
choice of a material can concurrently enhance and detract from the same characteristic.   
For example, large, angular temper particles are favored during the drying and firing 
processes due to the increased strength to resist cracking and shrinkage, yet these large 
particles also make a fired vessel more susceptible to breakage due to a decreased impact 
resistance (Rice 1987; Schiffer and Skibo 1987; Shepard 1954; Skibo and Blinman 
1999).  Besides the relationship between clay and temper, many other factors can 
contribute to performance characteristics of a vessel including pore structure, firing 
atmospheres and temperatures, and chemical and molecular properties of ceramic 
materials.  All of these aspects are important factors to consider when attempting to 
understand and reconstruct prehistoric ceramic technology, but for the purposes of this 
project fall outside the realm of investigation.     
 
Relevance to Virgin River Puebloan Ceramics 
Three distinct temper types commonly used in the Virgin River Puebloan region 
during the height of the Pueblo II era are sand, olivine, and sherd (Lyneis 1992).  
Ceramicists who study Virgin River Puebloan ceramics classify sand tempered ceramics 
as Tusayan Virgin Gray Ware, olivine tempered ceramics as Moapa Gray Ware, and 
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sherd tempered ceramics as Shivwits Gray Ware.  A typical ceramic assemblage from the 
Pueblo II period also includes other ceramic types such as Logandale Gray Ware, Tsegi 
Orange Ware, San Juan Red Ware, Shinarump Brown Ware, and Paiute Brown Ware, but 
to a much lesser and almost nominal degree, especially for the purposes of this study 
(Colton 1939, 1952; Lyneis 1992, 1995).   
 Tusayan Virgin Gray Ware is identified by the presence of sand temper which is 
primarily silicate based quartz with a lesser degree of mixed sand although according to 
Lyneis “the distinction is somewhat arbitrary” (Lyneis 1992:41).  To date, ceramicists 
have been unable to discern the exact manufacturing local for this ceramic ware, but have 
found the ceramic type throughout the lowland valleys of southern Nevada and southwest 
Utah as well as across the western portion of the Colorado Plateau (Colton 1952; Mac 
Williams et al. 2006; Lyneis 2008a).  The most common sands used in Tusayan Virgin 
Gray Ware ceramics have a round, smooth shape. These attributes would be expected to 
result in a weak bond between the clay and temper during manufacturing processes, a 
higher chance of cracking or shrinkage during the drying process, a weak fired strength, 
and a higher susceptibility to failure when exposed to thermal shock.  Quartz sand also 
has a high coefficient of thermal expansion that measures greater than the thermal 
expansion rate of low-fired clay (Figure 4).  In other words, when a ceramic body made 
with quartz temper is subjected to heat, the temper expands at a much faster rate than the 
clay matrix.  This has implications for the initial firing of pots as well as pots subjected to 
repeated exposure to heat, or thermal shock (such as cooking pots).   
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Figure 4. Thermal expansion of some common pottery materials (Rice 1987:229) 
 
When quartz is exposed to heat, it experiences three reversible inversion points; two 
of which fall within the temperature firing range of prehistoric potters.  The first 
inversion point happens abruptly at 572 + 5 degrees Celsius where quartz changes from 
an alpha to a beta state and the volume increases by two percent.  Upon cooling, the beta 
state quartz reverts back to the alpha state at the same inversion point, causing a 
shattering of the micro-crystalline structure.  The second inversion point occurs at 870 
degrees Celsius where quartz changes into tridymite.  However, this conversion is slow 
and only happens under specific conditions.  Finally, the third inversion happens at 1,470 
degrees Celsius and is beyond the temperatures achieved for prehistoric firing of pottery 
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(Shepard 1954).  In the case of prehistoric pottery the first inversion point would most 
often occur and have the effect of weakening the ceramic body.    
Much more information is known about Moapa Gray Ware than Tusayan Virgin Gray 
Ware because of its distinctive olivine temper.  Moapa Gray Ware was produced on 
Uinkaret Plateau near Mt. Trumbull which is the known source of olivine for this region.  
Olivine sources are found in a limited number of other locales within this area, but not in 
the quantity, composition, and structure of that found at Mt. Trumbull (Allison 2000; 
Lyneis 1992, 2000).  Associated with a volcanic crust, olivine is usually found in small, 
angular crystals encased within a basalt outcrop.  Typically, these crystals are highly 
scattered throughout the basalt matrix and require extreme labor to extract them from 
their casing.  In other words, under normal circumstances the effort required to retrieve 
olivine from basalt in quantities needed to use as a tempering agent for ceramic 
production outweighs the reward.   
On the other hand, the source at Mt. Trumbull is comprised of small, fist-sized 
nodules of olivine sheathed in a thin outer shell of basalt (Lyneis 2000).  These nodules 
can be easily broken by throwing them against a hard surface (i.e. a basalt outcrop) or 
even smashing the nodules with a hammerstone and grinding the smaller, broken pieces 
with tools such as a mano and metate or mortar and pestle.  The olivine basically 
crumbles out of the rock with little processing and in an ideal, angular form for pottery 
making purposes (Figure 5).  The olivine source at Mt. Trumbull, unlike the typical 
casing of olivine in basalt (Figure 6), provides an ideal tempering agent for the 
production of pottery due to the ease of accessing and processing the raw material.  The 
angular form of olivine would be expected to create a strong bond between clay and 
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temper particles during manufacturing processes, hinder cracking or shrinkage during the 
drying process, display a strong fired strength, and demonstrate a lower susceptibility to 
failure when exposed to thermal shock.  Olivine also has a coefficient of thermal 
expansion that increases slowly and steadily when exposed to heat – similar to the 
thermal expansion rate of low fired clay (Figure 4). 
 
 
 
Figure 5. Olivine nodule and broken olivine particles from Mt. Trumbull. 
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Figure 6. Olivine in a typical basalt casing. 
 
Shivwits Gray Ware has a known production zone of the Shivwits Plateau located in 
the upland Virgin River Puebloan region of the Arizona Strip on the western portion of 
the Colorado Plateau.  It is situated approximately 35 kilometers southwest of the 
Uinkaret Plateau.  To identify Shivwits Gray Ware, a ceramicist looks for the presence of 
white-to-light colored sherd temper set within a dark, iron-rich clay matrix.  With a 
temper predominately compromised of crushed Moapa Gray Ware, this sherd temper 
material by default has some inclusions of olivine.  Though these particles of olivine are 
typical constituents of the sherd temper, on occasion they dislodge and become individual 
inclusions found within the clay matrix.  To a much lesser degree, pieces of oxidized 
sherd and sand are also observed in the clay matrix of Shivwits Gray Ware from the use 
of ground up Tusayan Virgin Gray Ware sherds (Lyneis 1992).   
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Usually angular and irregular in shape, the addition of sherd temper would be 
expected to create a strong bond to clay during manufacturing processes, lessen the 
chance of cracking or shrinkage during the drying process, display a strong fired strength, 
and decrease susceptibility to failure when exposed to thermal shock.  Unlike its sand and 
olivine counterparts, sherd temper is a porous material.  Considering sherd temper is 
comprised primarily of clay particles, it has a low coefficient of thermal expansion – 
comparable to that of low-fired clay (Figure 4). 
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CHAPTER 3 
RESEARCH DESIGN AND METHODS 
This thesis utilizes strategies outlined in Behavioral Archaeology in order to develop 
a Middle Range Theory that offers a plausible explanation for the demand of Moapa Gray 
Ware traded from the north rim of the Grand Canyon to the Moapa Valley during the 
middle of the Pueblo II era.  Focusing on the technological attributes of the dominant 
temper types found in this region during this time period, principles of Experimental 
Archaeology were implemented.   
 
Processualism, Middle Range Theory, and Behavioral Archaeology 
The field of archaeology first became acquainted with Middle Range Theory through 
the introduction of “New Archaeology” or Processualism in the 1960s.  Processualism 
changed the focus of the field of archaeology toward more research-based paradigms; 
placing an emphasis on understanding and inferring human behavior of the unwritten past 
by using a scientific approach when examining cultural materials left in the 
archaeological record.   Previously, the goal of archaeology was to simply record, 
catalog, and categorize artifacts to basically build a general model of culture and develop 
chronology.  However, the shift in archaeological reasoning born through the 
introduction of New Archaeology provides a scientific foundation to reconstruct the past 
through research oriented archaeological investigations (Schiffer 1976, 1992, 1995).   
Lewis Binford led the Processual bandwagon with his application of an 
archaeological version of Middle Range Theory (MRT).  Binford adapted the 
sociological model of MRT to develop an archaeological paradigm encouraging an 
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assimilation of theory and empirical research.  He believed that culture could not be 
adequately explained in a general theory or single model, but that a more individualized 
discrete examination of cultural attributes was needed to understand the intricacies of a 
particular system and that “culture be viewed as a system composed of subsystems” 
(Binford 1965:203).  To Binford MRT allowed an archaeologist to take the observable, 
material data and establish a missing link to the unobservable human behavior of the past 
through analogy.  He did not believe that data should be interpreted through the modes of 
classical archeological tradition by simply categorizing materials, but instead as 
something to be understood within its own context of application and practical use – that 
analogy should serve as a foundation from which to draw further archaeological 
investigation rather than looking at the cultural materials as just a synthesis of data.  He 
became a main proponent of ethnographic study, suggesting the only way to understand 
the true purpose of an object is to objectively observe its use within a particular cultural 
realm.  According to Binford, MRT offers a crucial step that bridges the gap between the 
static, contemporary archaeological record and the cultural dynamics of past societies by 
generalizing analogies with what can be observed in the present.  MRT is concerned with 
the formation of deposits of archaeological remains, attempting to explain the genesis of 
the archaeological record, and discover its relevant attributes (Binford 1989:60). 
Michael Schiffer – a student of Binford – did not believe Processual archaeology 
ventured much further from traditional archaeology and still only attempted to create a 
general definition of culture and the past guised simply through the use of a more 
scientific, research design approach.  To Schiffer, New Archaeology did not adequately 
define the link between archaeological remains and the past human behavior which 
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created the archaeological record (Schiffer 1992, 1995).  Schiffer took Binford’s 
examination of material culture and application of MRT a step further and developed the 
study of Behavioral Archaeology.  Like Binford, Schiffer suggests archaeologists do not 
possess the ability to observe first-hand the behavioral patterns of past societies, but 
instead rely upon the material remains left behind in the archaeological record in which to 
make inferences and analogy; however he places an emphasis on the formation and 
taphonomic processes of the archaeological record rather than simply relying upon 
ethnographic study to define the purpose of a cultural material item (Schiffer 1987, 1992, 
1995).  Behavioral Archaeology offers four strategies as tools for collecting data for the 
analysis of human behavior and individual actions, especially in terms of making, using, 
and disposal of material culture.   
This thesis utilizes strategy two of the behavioral archaeological model.  Strategy two 
focuses on research in present material culture to develop an analogy with past cultural 
behavioral systems through the use of experimental archaeology.  According to Schiffer 
experimental archaeology is employed when “present-day material culture is investigated 
in order to provide information needed for studying the past” (Schiffer 1995:95).   
 
Experimental Archaeology 
Experimental archaeology is an up and coming subdivision of the field of 
archaeology and limited work has been done in this specialty.  Applying experimental 
archaeology allows for controlled, systematic testing of material items to help discern 
motivating factors behind technological choices.  Many variables need to be taken into 
34 
 
consideration when applying experimental data to the archeological record (Harry 2008, 
2010).   
Depending on the experimental requirements, researchers have the choice of using 
actual artifacts from archaeological assemblages or creating replicas.  Also experiments 
can take place in the field or under controlled laboratory settings (Harry 2008, 2010).  An 
array of different experimental techniques can offer insight into technological choices.   
Traditionally, artifact analysis consists of physically evaluating material items 
retrieved from the archaeological record.  This method of examination, though 
invaluable, offers limited information.  Experiments can afford the opportunity to gain 
data on prehistoric processes beyond the traditional methods of studying artifacts.  
Instead of just evaluating a material item by its physical characteristics alone, 
experiments allow us to comprehend, at far greater depth, the technological properties 
involved in how an item was created or used (Harry 2008; Schiffer 1992, 1995).  This 
creates a much bigger picture of how an item was used or developed, often at a level 
which may or may not have been known by the original producers when they were 
manufacturing or using materials.  When added to the information from the traditional 
procedures of artifact evaluation, the data gained through experimental archaeology can 
be used to better define inferences about prehistoric practices. 
 
Research Orientation 
 As discussed in the previous chapter, the three most common tempering types found 
in Virgin River Puebloan ceramics during the Pueblo II period are sand, olivine, and 
sherd.  Of these three tempering agents, pottery made with olivine inclusions was traded 
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and transported in large quantities through the rugged terrain of the north rim of the 
Grand Canyon in to the Moapa Valley region.  Based on the mechanical engineering 
properties of olivine discussed previously, we might expect ceramics made with this 
distinct tempering material to be in high demand in areas where locally acquired pottery 
may have been technologically inferior.  This thesis evaluates one possibility to explain 
the transportation of Moapa Gray Ware vessels in high quantities across rugged terrain by 
asking the question, does olivine temper result in technologically superior ceramic 
vessels, and if so, would this difference be distinct enough to have been noticed by 
prehistoric potters?  Experimental archaeology was used to evaluate the thermal shock 
resistance, strength, and heat transference of this unique tempering material (olivine) 
against two other locally available tempers (sand and sherd).   
Methods 
 
This thesis utilized three experimental techniques including thermal shock resistance, 
biaxial flexure strength testing, and heat conductivity to better understand the 
technological properties of the three dominant temper types – sand, olivine, and sherd – 
found in Virgin River Puebloan ceramics during the height of occupation (Figure7). 
Ceramic tiles and vessels were constructed from commercial clay and tested for their 
ability to withstand thermal shock, maintain strength, and conduct heat.  A low-firing, 
manufactured, commercial clay (MCWG) was chosen as opposed to natural clay like 
those used in prehistoric times.  The manufactured clay was selected for the experiments 
because of the known low temperature required to achieve permanency, or become 
ceramic.  By using commercial clay, the variability introduced from aplastic inclusions 
found in natural clays is removed.  
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Figure 7. Sand, sherd, and olivine temper. 
 
Tiles were chosen over vessels for testing thermal shock and strength as they are 
quick to manufacture and introduce fewer variables to account for than vessels.  When 
making tiles it is easier to maintain consistency in thickness and shape than when 
constructing vessels; allowing all variables to be held constant except the one desired, 
manipulated trait.  Vessels usually have a tendency to display disproportional areas of 
weakness within different portions of the vessel body.  For example, due to curvature, the 
neck of a jar tends to be weaker than the body with regards to being exposed to repeated 
episodes of heat (Rice 1987; Shepard 1954).   Using tiles removes this inconsistency in 
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the experiment.  However, vessels were created to test heat conductivity since the use of 
a liquid was involved which requires a container form.   
All vessels and tiles were created from a recipe of 78% clay (wet) and 22% tempering 
materials; measured by volume.  This proportion is similar to that utilized during 
prehistoric times (Swink 2004).  The type of clay remained unchanged throughout the 
manufacturing process, but tempering materials were varied between sand, sherd, and 
olivine.   
In prehistoric times river sands were the temper of choice in the production of 
Tusayan Gray Ware Virgin Series ceramics.  The sand used for this study is comprised of 
silicate based quartz and was collected from the banks of the Muddy River in Overton, 
Nevada.  This temper source is believed to have been used in the production of some 
Tusayan Gray Way Virgin Series ceramics (Lyneis 1992, 2008).  Samples of olivine 
nodules were collected from a graded roadway on the south side of Mt. Trumbull located 
on the Uinkaret Plateau.  This source is believed to have been the prehistoric outcrop of 
olivine used as tempering materials for the production of Moapa Gray Ware (Allison 
2000; Lynies 1992, 2008).  Finally, unprovienenced Virgin River Puebloan sherds were 
used for the sherd tempering materials.  These sherds consisted of a mixture of 80% 
Tusayan Gray Ware Virgin Series, 10% Moapa Gray Ware, and 10% Shivwits Gray 
Ware. 
The sherds and olivine were ground using a mortar and pestle and the sand was 
cleaned by hand of all visible organic materials.  The sand was placed in a ceramic bowl 
and heated in a lab oven (Quincy Lab Inc. Model 30 GC) at 225 degrees Celsius for a 
period of twenty-four hours to drive off any residual water retained from the Muddy 
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River.  All three materials were sifted through an eighteen-gauge geological sieve 
followed by a thirty-five-gauge sieve.  The portion of the temper captured between these 
two sieves measures between 1.00 millimeter and 500 micrometers, and was collected 
and used in the experiments.  This technique of sifting the temper served to maintain a 
consistency in particle size and to help eliminate discrepancies in the experiment. 
The tiles were created using a specific clay recipe, mentioned previously, and 
standardized size to hold all other variables constant.  Three sets of twenty-four tiles, for 
a total of seventy-two tiles, were made.  Set one consisted of sand temper to represent 
Tusayan Virgin Gray Ware, set two consisted of olivine temper to represent Shivwits 
Gray Ware, and set three consisted of olivine temper to represent Moapa Gray Ware.  
Half of the tiles in each set were made to lay flat and the other half were bent at a ninety 
degree angle to form a curvature down the center of the tile.  The tiles were created by 
flattening clay onto a slightly moistened texture mat with a rolling pin to a thickness of 
approximately six millimeters and cutting specimens with a circular cookie cutter with a 
diameter of forty-five millimeters.  The finished product resembles a small, wafer-like 
cookie (Figure 8). 
The vessels were constructed in a cup form using the prehistoric coil and scrape 
method.  Three sets of four vessels, for a total of twelve vessels, were created using a 
specific recipe and standardized size.  Set one consisted of sand temper to represent 
Tusayan Virgin Gray Ware, set two consisted of olivine temper to represent Shivwits 
Gray Ware, and set three consisted of olivine temper to represent Moapa Gray Ware.  
The prepared clay was rolled into ropes, or coils, which were stacked on top of one 
another to form the base and body of the cup.  Once the vessel wall reached an average 
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height seventy millimeters the ridges were smoothed together using a modern day 
ceramic scraper obtained from a ceramic supply house.  The vessels were left out to dry 
by air until they reached the green stage.  Once leather-hard, the vessel walls were 
scraped and sanded to approximately six to six-and-a-half millimeters in thickness and 
the bases were flattened out and scraped to an average thickness of six-and-a-half 
millimeters, using a modern day ceramic scraper and sand paper.  The finished product 
measures approximately seventy –three to seventy-five millimeters in diameter (interior), 
holds a maximum volume of 200 milliliters, and the shape resembles a small coffee cup 
sans the handle (Figure 9 and 10).  When creating ceramic vessels in this fashion it 
becomes difficult to control for consistency of dimensions and thickness; however, 
Andreas Charest, a skilled potter of the prehistoric craft, constructed the vessels for this 
project which helped control for such discrepancies. 
 
 
Figure 8. Flat ceramic tile. 
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Figure 9. Ceramic vessel. 
 
 
Figure 10. Ceramic vessels. 
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After construction, the tiles and vessels were left out to dry in the open air for twenty-
four hours.  The tiles and vessels were then transferred to a lab oven (Quincy Lab Inc. 
Model 30 GC) and dried at 225 degrees Celsius for an additional period of twenty-four 
hours to drive off any residual water.  Once removed from the oven, the specimens were 
set out in the open air for another twenty-four hour period, allowing them to return to 
room temperature.  Finally, the specimens were placed in a Cress Electric Furnace 
(Model CX-133) and fired at 850 degrees Celsius for a holding time of twenty minutes.  
The final products were ready to begin the experimental process.   
Laboratory manufactured tiles and vessels were chosen for this study over prehistoric 
sherds and pots due to the fact that original artifacts have been subjected to unknown pre 
and post-depositional processes to which the degree of these processes cannot be 
determined with any known certainty.  Also, the destructive nature of the experiments 
does not warrant the use of prehistoric specimens as this would cause a loss to the 
ceramic assemblage and hamper the information gained through the possible future 
studies of such pieces.  Experimental archaeology allows for an examination of materials 
through replication of prehistoric technology without destroying the archaeological 
record.   
 Thermal Shock.  One of the primary failure types in ceramics is thermal shock.  This 
holds especially true for cooking pots because they are repeatedly subjected to extreme 
temperature change.  Resistance to thermal shock is controlled by the thermal expansion 
of the ceramic materials.  For example, when a ceramic is exposed suddenly to a heat 
source, the surface of the vessel expands more rapidly than the interior portion.  This 
results in compressive stress on the surface and tension stress on the interior.  Upon 
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cooling, this trend is reversed and the interior is subjected to compressive stress while the 
exterior experiences tension stress.  Together, this process is defined as thermal stress.  
These two stresses work against one another, and when the strain exceeds the strength 
capacity of the ceramic materials the integrity of the vessel is compromised, resulting in 
thermal shock failure (Bronitskey and Hammer 1986).  Over time, repeated exposure to 
thermal stress can weaken the vessel ultimately causing it to break, thus shortening its use 
life.  Potters can attempt to control and correct for the thermal shock process through the 
choice of materials during ceramic manufacturing.   
Testing thermal shock resistance helps archaeologist discern the ability of a ceramic 
ware to withstand exposure to repeated extreme temperatures.  In place of an open hearth, 
this study utilized a thermal shock chamber in conjunction with a kiln to determine how 
the various tempering agents contributed to thermal shock resistance.  This study tested 
the thermal shock capacity of three temper types – sand, olivine, and temper.  
To test thermal shock, twelve bent tiles (Figures 11-14) of each of the three replicated 
ceramic wares were subjected to repeated heating and cooling cycles using an electric 
kiln (Cress Electric Furnace, Model CX-133) for heating and a thermal shock chamber 
(model number ZBD-108, manufactured by Associated Environmental Systems) which 
uses liquid carbon dioxide for cooling (Figure 15).  Set one consisted of sand temper, set 
two consisted of olivine temper, and set three consisted of olivine temper.  Since it is a 
known fact that ceramics have a higher tendency to fracture at stress points, such as the 
neck of a vessel, ceramic tiles formed in a ninety degree angle were used for this 
experiment to help facilitate thermal shock failure. 
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Figure 11. Bent ceramic tiles used for thermal shock experiment. 
 
 
Figure 12. Sand tempered tile prior to thermal shock at 100x magnification. 
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Figure 13. Olivine tempered tile prior to thermal shock at 100x magnification. 
 
 
Figure 14. Sherd tempered tile prior to thermal shock at 100x magnification. 
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Figure 15. Thermal shock chamber and liquid carbon dioxide canister. 
 
Each cycle began by putting the tiles in the kiln to expose them to the high 
temperature and then transferring them to the thermal shock chamber to expose them to 
the low temperature.  A complete cycle totaled forty minutes, divided into two equal 
parts; twenty minutes of heat saturation and twenty minutes of cooling saturation.  After 
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each completed cycle, the tiles were physically examined for signs of cracks, fissures, 
and breakage which, if present, would conclude the test.  The high temperature was 
initially set at 650 degrees Celsius for the first four cycles of the experiment, but starting 
with the fifth cycle was increased to 1,000 degrees Celsius (see Chapter 4 Thermal Shock 
Test Results for a complete explanation of the temperature change).  The low temperature 
was set at four degrees Celsius and remained unchanged for the duration of the 
experiment.  Thermal shock was repeatedly administered to each set of tiles to determine 
the maximum number of cycles each could withstand prior to breakage and thus failure.  
The maximum number of cycles was recorded for a comparative analysis to determine 
thermal shock resistance for each tile set.    
 Strength.  Determining the strength of ceramics allows researchers to estimate the 
amount of force trauma a vessel can withstand and offers insight for the demand of 
certain pottery types (Beck 2010).  Strength depends on many factors including vessel 
function and use.  For example, cooking vessels exposed to repeated thermal stress tend 
to have lower resistance to impact as the thermal shock process negatively affects 
strength over time.  However, other vessel forms used for storage and serving retain their 
initial integrity of strength but tend to have more exposure to impact through frequent 
handling and utilization by numerous individuals (Rice 1987; Shepard 1954).   
Experimental archaeology offers many different types of tests for strength; this study 
utilized the ball-on-three-ball biaxial flexure test.  The test was performed on a Universal 
Testing Machine manufactured by United Testing Systems, Inc. (Figure 16) by Dr. 
Brendan J. O’Toole and Thomas Higgins in the Mechanical Engineering department at 
the University of Nevada, Las Vegas. 
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Figure 16. Universal Testing Machine. 
 
The apparatus for the ball-on-three-ball is comprised of three equally spaced steel 
balls, or support, on which the ceramic sample rests as an opposing ball, or loading, 
applies a constant rate of pressure (Figure 17).  Pressure increases on the sample until 
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breakage or failure occurs.  The ball-on-three-ball tests mainly for tensile strength but 
also accounts for other types of strength including compression, torsional, and tangential 
(Neupert 1994).    
 
Figure 17. Cross-section of ball-on-three-ball testing apparatus (Neupert 1994:711). 
 
Tensile strength is measured as the maximum force a specimen can withstand while 
being stretched or pulled upon.  Conversely, compressive strength is measured as the 
maximum force a specimen can withstand while being pushed upon.  Though these two 
forces work concurrently, the values are not proportionally related.  Flexural strength is 
the ability of a specimen to resist deformation under the application of stress and is often 
referred to as bend strength.  The flexural strength of a specimen is measured at the point 
of failure when an object has reached its capacity to bend (Hodgkinson 2000).   In the 
ball-on-three-ball test the loaded ball presses upon the top of the tile, applying a 
compressive force to the specimen.  As the tile is pressed upon from the top, the three 
supporting balls located underneath the specimen hold it in place.  The tile stretches into 
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the space between the three support balls which apply tension as tensile strength works to 
keep the specimen intact.  Eventually the compressive force applied by the loaded ball 
overcomes the tensile force specimen and the specimen breaks, at which point the 
flexural strength is measured.     
Flat tiles, as opposed to the bent tiles used for thermal shock testing, provide the 
optimal specimen for testing flexural strength as compression on the top surface is 
equally linear to the tension on the bottom surface, eliminating discrepancies or skewed 
data (Hodgkinson 2000).  As with the thermal shock test, twelve tiles of each of the three 
replicated ceramic wares were subjected to biaxial flexure strength testing.  The test 
included administering the ball-on-three-ball system to each set of test tiles in order to 
determine the maximum amount of pressure each could withstand prior to breakage, or 
failure.  The amount of pressure required to reach failure was recorded for a comparative 
analysis of each sample to determine the maximum amount of stress each tile set could 
withstand while maintaining integrity, or strength.  
 Heat Transference.  Understanding thermal conductivity allows archaeologists to 
make inferences regarding the effectiveness of heat transference.  This technique is 
especially useful when investigating ceramics used for cooking.  Thermal conductivity is 
measured as the rate at which heat transfers through a material exposed to a constant 
temperature (Grimshaw 1971; Rice 1987).  According to Grimshaw (1971:939-40), three 
factors to consider when testing heat conductivity of ceramics include porosity, 
temperature at which a test is administered, and material composition of the body.  
Focusing on the latter of the three factors, temper plays an important role in thermal 
conductivity since as an inclusion its coefficient of thermal expansion can add to or 
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detract from the rate at which heat passes through a ceramic body (Grimshaw 1971; Rice 
1987; Schiffer and Skibo 1987; Shepard 1954; Skibo and Blinman 1999).   
This experiment tested the thermal conductivity of replicated vessels comprised of 
three different tempers: sand, sherd, and olivine.  The test consisted of filling the 
replicated vessels with 150 milliliters of water mixed with five milliliters of vegetable oil 
and heating each to boiling using a Thermolyne Cimarec 2 ceramic hotplate (Figure 18).  
The hotplate was set to the maximum heat setting of 10 which correlates to 538 degrees 
Celsius and preheated for ten minutes prior to conducting each test.  Vegetable oil was 
added to the water to help seal the pores of the vessels and lessen the risk of evaporation 
during the heating process.  Each filled vessel was placed on the hotplate and the elapsed 
time to boiling was noted for a comparative analysis of the ability of each ceramic type to 
transfer heat.     
 
 
Figure 18. Thermolyne Cimarec 2 ceramic hotplate. 
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CHAPTER 4 
RESULTS 
A lot of time and care are put into the production of ceramic materials.  The 
manufacturing process alone requires thought, planning, and time to execute a product.  
Ceramics are produced with the intention of serving a purpose and must be able to 
withstand repeated handling, use, and sometimes exposure to extreme and rapid 
temperature changes all while maintaining integrity of form.  The following results 
describe the technological capabilities of ceramics produced from three different temper 
types including sand, olivine, and sherd materials.  
 
Thermal Shock Test Results 
The thermal shock experiment initially began with all three sets of tiles being 
subjected to forty-minute thermal shock cycles that consisted of twenty minutes of heat 
saturation from the kiln set at 650 degrees Celsius followed by twenty minutes of cold 
saturation from the thermal shock chamber set at four degrees Celsius.  After four, forty-
minute cycles were complete, the set of sand tempered tiles displayed signs of extreme 
stress including cracking, brittleness, and fracturing (Figures 19-23).  All twelve tiles 
could be easily snapped in half and crumbled apart into pieces.  Unlike the sand tempered 
tiles, the olivine and olivine tempered tile sets appeared unscathed after being subjected 
to the same set of four, forty minute thermal shock cycles.  Considering the sand 
tempered tiles to have failed, the experiment went forward with only the olivine and 
olivine tempered tile sets.   
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Figure 19. Sand tempered tile after four cycles of thermal shock. 
 
 
Figure 20. Sand tempered tile after four cycles of thermal shock. 
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Figure 21. Sand tempered tile after four cycles of thermal shock. 
 
 
Figure 22. Cracks in sand tempered tile after four cycles at 100x magnification. 
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Figure 23. Cracks in sand tempered tile after four cycles of thermal shock at 100x 
magnification. 
 
Due to the hardiness and durability of the olivine and olivine tempered tile sets, the 
kiln temperature was increased to 1,000 degrees Celsius to intensify and expedite the 
effects of thermal stress with the ultimate goal of reaching thermal shock.  The 
temperature of the thermal shock chamber remained at four degrees Celsius.   Both sets 
of tiles were subjected to ten, forty-minute cycles consisting of exposure to twenty 
minutes of heat saturation from the kiln set at 1,000 degrees Celsius followed by twenty 
minutes of cold saturation from the thermal shock chamber set at four degrees Celsius.  
After the completion of the tenth cycle, neither the olivine or sherd tile sets displayed any 
signs of thermal stress (Figure 24).  However, after completion of the eleventh cycle, 
cracks appeared on the interior and/or exterior surfaces of six of the olivine tempered tiles 
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and one of the olivine tempered tiles (Figures 25-29).  Unlike their sand tempered 
counterparts, the olivine and sherd tiles were not brittle or crumbling into pieces.  Instead, 
the tiles remained intact displaying only signs of fractures and fissures both on the 
interior and exterior surface of six percent of the olivine tempered tiles and fifty percent 
of the olivine tempered tiles.  Considering a fracture, or crack, to signify thermal shock 
failure, the experiment was concluded.   
 
 
Figure 24. Intact olivine tempered tile after ten cycles of thermal shock 
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Figure 25. Crack in olivine tempered tile after eleven cycles of thermal shock at 100x 
magnification; same tile as Figure 26. 
 
 
Figure 26. Crack in olivine tempered tile after eleven cycles of thermal shock at 100x 
magnification; same tile as Figure 25. 
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Figure 27. Crack in sherd tempered tile after eleven cycles of thermal shock. 
 
 
Figure 28. Crack in sherd tempered tile after eleven cycles of thermal shock at 100x 
magnification. 
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Figure 29. Crack in sherd tempered tile after eleven cycles of thermal shock at 100x 
magnification. 
 
Biaxial Flexure Strength Test Results 
A biaxial flexural test mostly measures tensile strength over compressive strength.  
Though both forces are working at the same time, the ‘breaking point’ of a specimen 
occurs much lower with tensile strength than compressive strength when using the ball-
on-three-ball test.  
 The biaxial flexure strength test began by placing a flat tile on the three support balls 
of the ball-on-three-ball apparatus.  The loaded ball was lowered onto the top of the tile, 
but pressure was not yet exerted (Figure 30).  The test was then initiated remotely 
through a computer, and the loaded ball began applying continually increasing pressure 
to the specimen, forcing it to bend (Figure 31) until it cracked or broke (Figures 32-34).  
The computer measured and recorded the amount of force, or pressure, in pounds per 
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square (psi) inch required to break the tile.  This test was administered to twelve tiles of 
each temper set, for a total of 36 tests.  
 
 
Figure 30. Diagram of a tile specimen (a) placed in Ball-on-three-ball apparatus showing 
loaded ball (b) and support balls (c) prior to initiating the biaxial flexure test. 
 
 
Figure 31. Diagram of a tile specimen (a) undergoing biaxial flexure testing showing 
tensile force (b) and compressive force (c) in action. 
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Figure 32. Broken sand tempered tile after strength test. 
 
 
Figure 33. Broken olivine tempered tile after strength test. 
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Figure 34. Broken sherd tempered tile after strength test. 
  
The sand tempered tiles failed at a significantly lower rate of pressure than the sherd 
and olivine tempered tiles.  The sand tempered tiles broke at a minimum of 20.23 psi and 
a maximum of 38.54 psi, with a mean value of 26.58 psi.  The olivine tempered tiles 
broke at a minimum of 44.53 psi and a maximum of 60.25 psi, with a mean value of 
50.34 psi.  The olivine tempered tiles broke with a minimum of 41.68 psi and a maximum 
of 65.56 psi, with a mean value of 52.40 psi. (Table 4).   
 
Table 4. Amount of Force to Break Tiles 
Temper 
Type Force Number Minimum Maximum Mean 
Std. 
Deviation 
Sand psi 12 20.23 38.54 26.537 5.99934 
Sherd psi 12 44.53 60.25 50.3368 5.07854 
Olivine psi 12 41.68 65.56 52.3999 7.76089 
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A One-Way ANOVA statistical analysis was used to evaluate the data which 
concluded the differences between the samples were statistically significant (F=60.725; 
df=2/33; p<.0005).  A Tukey HSD post hoc test demonstrated that the statistical 
difference lies between the sand and sherd samples and the sand and olivine samples.  
However, no statistical difference was discerned between the sherd and olivine samples.  
An Error Bar Graph visually displays these differences and supports the post hoc findings 
(Figure 35).   
 
 
Figure 35. Graph showing the mean force of sand, sherd, and olivine tempered tiles.  
Markers represent the mean and error bars represent the 95% confidence intervals. 
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Overall, the results of the One-Way ANOVA test indicate that the differences 
observed are statistically significant, but as demonstrated by the post hoc test and Error 
Bar Graph, this significance holds true only for the-sand tempered tiles when compared 
to the sherd and olivine tempered tiles.  Alone, the differences observed between the 
sherd and olivine tempered tiles are not statistically significant.   
   
Heat Transference Test Results 
The heat transfer test began by measuring 150 milliliters of water in a glass beaker 
and then adding one teaspoon (5 ml) of vegetable oil to the water.  The water and oil 
were rapidly stirred and then poured into a ceramic vessel.  The vessel was then placed 
onto the ceramic hotplate preheated to 538 degrees Celsius and the timer was started.  A 
household cooking/baking thermometer was held in the mixture throughout the 
experiment.  The thermometer never touched any portion of the vessel and only rested in 
the mixture to assure an accurate temperature reading.  Keeping the practical uses of a 
cooking pot in mind, both the time it took for the mixture to simmer and the time it took 
for the mixture to boil were recorded.  On average, simmering occurred with the 
appearance of small bubbles slowing streaming from the bottom of the vessel to the top 
of the mixture around 75 degrees Celsius (Figures 36-38).  Boiling usually occurred 
between 90 to 95 degrees Celsius when the surface of the mixture produced rolling 
bubbles (Figures 39-41).  
The sand tempered vessels took a minimum of 4.49 minutes to simmer and a 
maximum of 5.58 minutes to simmer, with a mean value of 5.04 minutes.  The olivine 
tempered vessels took a minimum of 4.55 minutes to simmer and a maximum of 6.18 
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minutes to simmer, with a mean value of 5.27 minutes.  The olivine tempered vessels 
took a minimum of 4.28 minutes to simmer and a maximum of 4.51 minutes to simmer, 
with a mean value of 4.44 minutes (Table 5). 
 
Table 5. Amount of Time to Simmer 
Temper 
Type Time Number Minimum Maximum Mean 
Std. 
Deviation 
Sand minutes 4 4.49 5.58 5.0425 0.59304 
Sherd minutes 4 4.55 6.18 5.2701 0.67999 
Olivine minutes 4 4.28 4.51 4.4401 0.10801 
 
 
The sand tempered vessels took a minimum of 5.37 minutes to boil and a maximum 
of 8.28 minutes to boil, with a mean value of 6.79 minutes.  The olivine tempered vessels 
took a minimum of 6.12 minutes to boil and a maximum of 8.04 minutes to boil, with a 
mean value of 6.72 minutes.  The-olivine tempered vessels took a minimum of 5.27 
minutes to boil and a maximum of 5.57 minutes to boil, with a mean value of 5.42 
minutes (Table 6). 
 
Table 6: Amount of Time to Boil 
Temper 
Type Time Number Minimum Maximum Mean 
Std. 
Deviation 
Sand minutes 4 5.37 8.28 6.7925 1.25154 
Sherd minutes 4 6.12 8.04 6.7201 0.90691 
Olivine minutes 4 5.27 5.57 5.2451 0.12503 
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A One-Way ANOVA statistical analysis was used to evaluate the data which 
concluded the differences between the samples were not were statistically significant for 
either the simmering process (F=2.682; df=2/9; p>.123,) or the boiling process (F=2.368; 
df=2/9; p>.104).  Since these results indicate that the differences observed are not 
statistically significant, no further post hoc testing was required.  However, a Box-and-
Whiskers Plot for each observation displays interesting and notable results.  Though no 
statistical difference exists with this sample size, in both cases, olivine tempered vessels 
do take less time to boil and yield more consistent results than sand and olivine tempered 
vessels (Figures 42 and 43). 
 
 
 
Figure 36. Water simmering in a sand tempered vessel. 
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Figure 37. Water simmering in an olivine tempered vessel. 
 
 
Figure 38. Water simmering in a sherd tempered vessel. 
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Figure 39. Water boiling in a sand tempered vessel. 
 
 
Figure 40. Water boiling in an olivine tempered vessel. 
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Figure 41. Water boiling in a sherd tempered vessel. 
 
 
Figure 42. Box-and-Whiskers Plot for time to simmering. 
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Figure 43. Box-and-Whiskers Plot for time to boiling. 
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CHAPTER 5 
EXPERIMENTAL DATA EVALUATIONS 
All three tests demonstrate that in a laboratory setting, sand tempered ceramics are 
technologically inferior to sherd and olivine tempered ceramics.  In the experiments, 
when heat is applied to sand tempered ceramics, as in the thermal shock and heat 
transference tests, the thermal expansion of quartz sand is much greater than that of the 
clay.  That is the volume of the sand temper particles expand more quickly than the clay 
body, adding to the thermal stress process and triggering the appearance of micro-fissures 
and cracks throughout the specimen.  To intensify this process, quartz also experiences 
three inversion points when exposed to heat.  Most prehistoric pottery was seldom 
exposed to temperatures beyond the first inversion point, yet at this point the most stress 
was placed on the ceramic body.  As stated earlier in Chapter 3, around 572 +5 degrees 
Celsius, quartz changes from an alpha to beta state and increases in size by about two 
percent.  Upon cooling, the quartz sand returns to the alpha state at the inversion point 
causing the micro-crystalline structure to shatter (Shepard 1954).  This process of 
increasing and decreasing the volume, compounded by quick thermal expansion, and the 
breaking down of the quartz structure contributes to the formation and proliferation of 
cracks and micro-fissures generated by thermal stress.   
The purpose of adding temper to clay is one of diminishing the effects and 
propagation of cracking, though temper does not completely alleviate the problem.  On 
the contrary, temper can actually accentuate the effects.  Through the drying and heating 
processes, cracks and fissures in the clay body expand and approach the temper which, 
like a car hitting a wall, can halt or stop the proliferation to a certain degree.  The extent 
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to which temper can deter cracking depends widely on a combination of different 
attributes of the particular material in use.  As discussed in length in Chapter Two, both 
shape and texture play a pivotal role in this process.  The sand used for the experiments in 
this thesis, and that of the prehistoric Tusayan Virgin Gray Ware, possess a round, 
smooth shape.  The combination of a smooth and round shaped temper particle does not 
offer the best deterrent for crack propagation.  Though round, smooth temper particles are 
better than nothing, they do not possess the strength and bonding qualities of more 
angular, rugged shaped temper like that of olivine or sherd.  The shape of the temper can 
also determine the ability of a ceramic to withstand forces of pressure that cause 
fracturing and breakage.  As demonstrated in the biaxial flexure strength test, a ceramic 
made from round, smooth temper particles does not perform nearly as well as those with 
more ruggedly shaped inclusions.   
As originally anticipated, sand tempered ceramics do not possess technologically 
superior qualities to withstand the processes of thermal shock and biaxial flexure strength 
when compared to sherd and olivine tempered ceramics.  Although the test for heat 
transference did not result in any statistically significant difference for these three temper 
types, it is worthy to note that the sand and sherd tempered vessels did not display as 
consistent of results when compared to those tempered with olivine.  During this test, the 
sand tempered vessels displayed the most variability for the time required to bring the 
mixture to a boil.  Interestingly, the sherd tempered ceramics displayed the most 
variability in the time required to bring the mixture to a simmer.  For sand tempered 
vessels, the cause of this variability could most likely be attributed to an excess of micro-
fissures and cracks produced by repeated exposure to thermal stress.   
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Although it is believed that the sherd temper expands proportionally with the clay 
matrix when heated, small inclusions of sand and olivine within the sherd temper matrix 
attribute to microscopic fissures and cracking which would in turn have an effect on the 
heat effectiveness of the vessels.  Also, unlike sand and olivine, sherd temper is a porous 
material which until clogged with fatty residues from processing foods would contribute 
to the seepage of water through the wall.  Once this water reaches the outer-most portion, 
or exterior of the vessel, it quickly transforms into steam and is lost through evaporation.  
Again, neither the sand or sherd tempers displayed the regularity of the olivine tempered 
vessels.  
However, the sherd and olivine tempered ceramics provided similar outcomes for 
both thermal shock and strength testing.  The sand tempered tiles hardly withstood four 
thermal shock cycles prior to failure, yet the olivine and sherd tempered tiles remained 
intact.  Again, the failure of the sand tempered tiles is a direct result of the shape of the 
sand particles as well as the high coefficient of thermal expansion.  Olivine as well as 
sherd temper have similar thermal expansion rates as clay.  Also, the rugged, angular 
shape of these two tempering materials provides an excellent surface for which clay 
particles are able to form strong bonds.  These two factors enable olivine and sherd 
tempered tiles to withstand a higher degree of thermal stress than sand tempered tiles.  
Interestingly, both olivine and sherd tempered tile sets succumbed to thermal shock on 
the same, eleventh cycle.   
Unlike the sand tempered tiles, these two sets of tiles did not crumble but instead 
remained whole with only the appearance of small cracks on the surface.  However, these 
tiles did not fail proportionally as six sherd specimens (fifty percent) demonstrated cracks 
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opposed to a single olivine specimen (eight percent).   Again, both olivine and sherd 
temper have similar coefficients of thermal expansion as clay, yet olivine is a 
homogenous, nonplastic particle.  Sherd temper, on the other hand, is a heterogeneous, 
porous material composed of clay, olivine, and sand.  The slight difference in the two 
tempering agents could be attributed to the ability of olivine to expand at a constant rate 
compared to sherd which must contend with the differing thermal expansion rates of its 
constituents.  As a result, the sherd tempered tiles would experience a higher number of 
micro-fissures and cracking than the olivine tempered tiles.  However, considering the 
two tile sets maintained initial integrity of form and failed on the exact thermal shock 
cycle makes it difficult to discern with any certainty the degree to which a prehistoric 
potter would recognize any difference, if any, between the two materials in everyday, 
practical use.    
The olivine and sherd tempered tile sets demonstrate similar results for the biaxial 
flexure strength test.  Referencing the error bar graph (Figure 35), the sample means of 
both the sherd and olivine tempered tile sets are encompassed within the confidence 
intervals of each set.  This suggests there is no statistical difference between the two 
temper types.  Not surprisingly, the sharp, rough surfaces of each temper type help to 
create a strong bond with clay particles resulting in a durable, hearty product.  
Consequently, prehistoric potters would not discern a difference in tensile strength 
between the sherd and olivine specimens, but would, however, be quite conscious of the 
sturdiness between vessels made with these two tempering agents compared to those 
made from sand.   
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To summarize, the experiments determined that use of olivine temper does result in 
technologically superior ceramic vessels when compared to its sand tempered 
counterparts.  This holds true for withstanding the forces of thermal stress and shock, 
maintaining tensile strength, and the transference of heat.  The difference between the 
technological attributes of olivine and sand temper are distinct enough to have been 
noticed by the prehistoric potter.  However, the use of olivine temper does not necessarily 
result in technologically superior ceramic vessels when compared with sherd tempered 
vessels.  In all three experiments olivine and sherd tempered specimens performed quite 
similarly with olivine only showing more consistency in the transference of heat.  The 
differences between these two tempering agents would not have necessarily been noted or 
observed by prehistoric potters. 
 
Conclusion 
The archaeological record undoubtedly demonstrates that a high proportion of Moapa 
Gray Ware vessels – identified by distinctive olivine temper – were distributed to the 
lowland region of the Moapa Valley from the upland region of the Colorado Plateau of 
the Virgin River Puebloan cultural area during the Pueblo II period.  The trade network 
during this time was at its greatest and the occupation of this cultural region was at its 
fluorescence.  Ceramic assemblages retrieved from various site in Moapa Valley show a 
steady increase in Moapa Gray Ware throughout the Virgin River Puebloan domain 
which reached its pinnacle during PII times.  This thesis tested one plausible inference for 
the obvious increase of this trade item by testing three technological attributes of the 
three dominate temper types found during this period – sand, sherd, and olivine.   
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The only known source of olivine in the Virgin River Puebloan region, which occurs 
in a readily accessible form conducive for pottery making, resides at Mt. Trumbull 
located in the upland area of the Uinkaret Plateau.  People living in this upland region did 
not have sands readily available to make ceramics as did lowland people.  Lowland 
people did not have olivine as a source, but instead had access to sand from both the 
Virgin and Muddy Rivers.  Both regions had access to sherd temper.  In preparation for 
the experimental testing for this thesis, all three temper types were processed.  Sherd 
temper is much more time consuming to create when compared to easily broken olivine 
nodules and sand simply collected along the river banks.  Though river sand is easily 
collected, the round smooth shape does not provide a strong bond with clay particles.  
Olivine does require some processing, but mostly to break up the nodule casing and 
minimal grinding to get the particles to a proportional size.  The shape of olivine is 
perfect for ceramic making.  Clay particles bond nicely to the rough, jagged edges of 
olivine without any extra processing.  Also olivine has a very similar rate of thermal 
expansion as clay particles which produce vessels with a higher chance of withstanding 
the firing process as well as repeated exposure to heat.   
The benefits of olivine temper are twofold.  First, since olivine expands at a 
comparable thermal expansion rate to clay, the risk of crack propagation on a vessel body 
decreases when compared to other types of temper.  Second, if by chance a crack 
initiates, the shape of olivine temper particle, with its sharp, jagged edges, help to stop 
propagation.  Besides being more labor intensive to process, sherd temper exhibits the 
same two benefits as described above for olivine.  However, it is indisputably certain that 
the benefits of olivine tempered vessels outperform sand tempered pieces in the 
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categories of thermal stress/shock resistance and strength.  The material strength and 
ability to withstand thermal shock differs quite drastically between these two temper 
types.  When comparing vessels with these tempers, the difference between the 
technological characteristics would have been quite noticeable to a prehistoric potter.  
However, the experimental data suggests no noticeable difference between all three 
temper types and the ability to transfer heat; although olivine tempered ceramics did 
display less variability.  Given a vessel that more accurately fits the type and shape of 
vessels used for cooking in prehistoric times, the effects of heat transference might be 
exacerbated and olivine tempered pottery may have performed better than its sand and 
sherd tempered counterparts to a degree noticeable beyond the realm of scientific 
interpretation. 
Testing the technological performance of one small factor – temper – does not 
necessarily ascertain the complete extent to which olivine was chosen as an additive in 
the manufacturing processes of Moapa Gray Ware ceramics.  Many other possibilities 
exist including the proven technological benefits, but other factors such as cultural value 
or social relations may have additionally influenced temper choice.  Sillar and Tite (1999) 
offer a compelling argument behind the difficulties in the ability to discern the 
distinguishing and motivating factors of technological choice(s) (Figure 44).  This thesis 
addresses only one minute faction of a much larger picture for understanding the factors 
behind technological choices.  The evaluation of the technological attributes expressed 
through experimental archaeology conducted in this thesis offers a baseline for looking at 
the many other contributing factors behind the choice of using olivine temper in Moapa 
Gray ceramics.  
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Figure 44. Diagram summarizing the more important interrelationships affection the 
technological choices made in pottery production (Sillar and Tite 1999:6). 
 
Granted, this project is limited by many factors including the choice not to use 
replicated vessels that more accurately represent the form of actual specimens in the 
thermal shock and strength tests experiment but used tiles instead to control for the shape 
and consistency of the samples.  Also, the vessels used in the heat transference 
experiment did not resemble the proportion or shape of those found in the archaeological 
record.  Again, in an attempt to control for the consistency of shape, wall thickness, and 
orifice size, the specimens used to conduct the experiments do not hold true in size or 
form of actual vessels recovered from the archaeological record.  The results of this 
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experiment did not produce any statistical difference for the sherd and olivine temper 
specimens, however, if the correct shape and size were tested, along with a larger sample 
size, the test results may have more distinct results.    
The challenges archaeologists face in attempting to determine factors affecting 
choices made by prehistoric potters cover a large spectrum of possibilities, not always 
apparent in the exhumation of the archaeological record.  This thesis focuses solely on 
the possible technological choice behind one small detail – the use of olivine temper in 
Moapa Gray ceramics.  Beyond the scope of this project lies the possibility of cultural, 
social, or practical use of such a readily available resource and to what degree the 
intentionality, if any, of such choice was employed.   
Through the use of methods in material science by way of experimental archaeology, 
a straightforward explanation is offered for the functional aspects of olivine temper 
ceramics compared to sand and sherd temper alternatives.  Simply stated, olivine 
tempered ceramics provided superior technological substitutes to locally available sand 
tempered wares with regards to withstanding the stresses of thermal shock and the force 
of tensile strength.  Heat transference should be further tested with vessels more true in 
size and form of the actual pieces recovered from the archaeological record and the data 
reevaluated.  However, further examination of the archaeological record with regards to 
any possible economic, social, political, or ideological functions of these wares could add 
or detract from the data retrieved from the technological analysis of the attributes of 
olivine, sherd, and sand tempered pottery of the Virgin River Puebloan people in Moapa 
Valley during the Pueblo II era.   
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